Adhesively-bonded composite patch repairs over cracked or corrosion-damaged metallic aircraft structures have shown great promise for extending life of ageing structures. This study presents the numerical investigation into the interface behaviour of adhesively-bonded cracked aluminum alloy substrate patched with fibre-reinforced composite material. The adhesive is modelled as an elasto-plastic bilinear material to characterise the debond behaviour, while the defective substrate is regarded as linear elastic continuum. Two typical patch shapes were selected based on information available in the literature. Geometric and material nonlinear analyses for square and octagonal patches were performed to capture peel and shear stresses developed between the substrate and the patch to examine the possibility of interface delamination/debonding. Parametric studies on adhesive thickness and patch thickness were carried out to predict their infuence on damage tolerance of repaired structures.
INTRODUCTION
Bonded patches are used for repair of sandwich panels, cracks in metallic structures, and reinforcement of deficient structures. Composite patching is the most widely used method of restoring the load-carrying capacity of the weakened structure or reinforcing the damaged zone with splice or doubler of a material having strength and stiffness higher than the original material. Due to the rapid growth of aerospace industry, analyses of adhesively-bonded patches to repair cracked structures have been the focus for many years. Most of these studies investigated repaired structures using linear analysis and demonstrated the viability of adhesively-bonded patch-repairs as a means to improve the durability and damage tolerance of cracked metallic structures effciently and economically [1] [2] [3] [4] [5] [6] . The Aeronautical and Maritime Research Laboratory researched the bonded patch method 7 in the early 1970s. Later on, Baker and Jones 1 performed more intensive research on the method and presented the advantages of a composite material patch used for the cracked metal plate repairing. It was found that the bonded patch method not only reduces the weight but also increases the service life. The bonded patch offers many advantages over a mechanically -fastened doubler, which include improved fatigue behaviour, restored stiffness and strength, reduced corrosion, and easy conformance to complex aerodynamic contours 8, 9 . For a defective/cracked structure, adhesively-bonded repair significantly reduces stress intensity factor and, as a result, may retard or eliminate crack growth. Several authors 10, 11 showed that in practice
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the parameters influencing the performances of bonded composite repairs are the patch and adhesive properties.
To increase the durability and damage tolerance, many researchers performed experimental tests and numerical analysis on patched thin plates 12 . Kan and Ratwani 13 and Jones, 14 et al. tested patched thick plates. Adhesively-bonded patch repair assuming linear elastic behaviour was investigated by three-layer technique 15, 16 . In this technique, finite element analysis (FEA) used Mindlin plate elements to model the cracked aluminum plate, adhesive and composite patch. The most common adhesives used currently are epoxies, which exhibit elastic-plastic material behaviour in their application. Therefore, the effects of nonlinear material properties of the adhesive on the damage tolerance of the repaired structure are needed. Further, the asymmetric repair of a structure causes out-of-plane bending, which occurs because of the shift in the neutral axis of the structure under mechanical loading and also because of the mismatch between the coeffcients of thermal expansion of the cracked plate and the composite patch 15, 16 . This outof-plane bending could lead to large deflections, which could impose a large displacement on the repaired structure. Hence, geometrically nonlinear analysis is also needed to examinethe effects of the out-of-plane bending on the damage tolerance of the repaired structure.
A two-dimensional FEA of adhesively-bonded composite patch repair, considering geometric, and material nonlinearity was carried out to investigate the effects of these nonlinearities on the damage tolerance of the repaired structure 17 . Paul
Celebrating Sixty Years of Publication and Jones 18 of experimental results revealed in that the bonded boron-epoxy repaired aluminum alloy (7075-T6) specimens could provide a 15-time increase in life expectancy. In this study, the interface behaviour of pre-cracked Al 2024-T3 substrates with bonded carbon-epoxy patches have been investigated numerically.
FINITE ELEMENT MODELLING
The substrate and patch were considered to be linear elastic continuum while the adhesive was regarded as bilinear elasto-plastic material. The elements of composite patch, adhesive layer, and substrate were connected appropriately by merging the nodes in the contact surfaces. The mesh was properly graded in the vicinity of defect so as to capture the steep stress gradients. The analysis considered large deformations and rotations due to out-of-plane bending associated with one-sided patch. The 3-D FEA were carried out using ANSYS Code Version 8.1.
Square-patch Geometry
The geometric configuration of the crack-patch system used in this study was the same as that used by Dillard 19 , which consisted of aluminum alloy (2023-T3) cracked substrate patched with HT145/RS1222 fibre-reinforced composite material and had a lay-up of [0/90/90/0/0/90/90/0/0/90]. The 3-D physical model of the square crack-patch system is shown in Fig. 1 . One-fourth of the crack-patch geometry was modelled exploiting double symmetry. One-fourth FE model of the square crack-patch system with necessary boundary conditions is shown in Fig. 2 . The substrate and adhesive layer consisted of 3996 brick elements and the patch composed of 360-layered elements. Three and two elements were used across the thickness of the substrate and adhesive layer respectively.
The elastic properties of composite patch are: E x =153.8GPa, E y =E z =9.96 GPa, G xy =G xz =7.39 GPa, G yz =4.94 GPa, v xy =v xz =0.168, and v yz =0.035.
Octagonal-patch Geometry
The optimum proportions of the octagonal patch identified by Hart-Smith 20 , was used in this investigation. Materials used were the same as these of square crack-patch system. (Fig. 4) has 9468 DOFs.
RESULTS AND DISCUSSION

Linear Static Analysis
Linear elastic analyses were performed initially for both square crack-patch and octagonal crack-patch systems under a tensile surface traction of 116 MPa and 180 MPa, respectively in the direction perpendicular to the plane of crack. The deformed geometry and vonMises equivalent stress of the adhesive material from the linear elastic analyses indicate that the nonlinear analysis considering both geometric nonlinearity and material nonlinearity of the adhesive ought to be performed to accurately predict the state of stress at the crack tips, under the bonded patch, so that any further growth of the crack, that may be possible, can be quantified. Table 1 shows the geometric and material properties of the crack-patch system. The yield stress and tangent modulus of adhesive are 30 MPa and 1500 MPa, respectively.
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Geometric and Material Nonlinear Static Analysis
Square Crack-patch System
Nonlinear FE analysis of the above system was carried out considering the inelastic behaviour of the adhesive material and large deformations and rotations of the crackpatch system under the same tensile load of 116 MPa. The bondline behaviour was studied by observing the stress distributions at the mid-plane of adhesive layer. Normal components of stress S x , S y , and S z at the mid-plane of adhesive layer are shown in Figs 5(a), 5(b), and 5(c), respectively. Shear components of stress S xy and S yz at the mid-plane of adhesive layer are shown in Figs 6(a) and 6(b), respectively. vonMises equivalent stress S eq was captured and depicted in Fig.7 . It has been observed that the peak shear stresses in the adhesive are at the patch edge. The peel stress S y and shear stress S xy in the adhesive are predominant.
Octagonal Crack-patch System
As was in the previous case, nonlinear (geometric and material) analysis was performed for the octagonal crackpatch system imposing a tensile load of 180 MPa. The adhesive stresses were captured. Normal components of stress S x , S y , and S z at different sections in the direction 40 Fig. 8(d) . Peel stress S y and shear stress S xy have been observed to be significant in the vicinity of the crack and also at the patch edge. S eq distribution at the midplane of adhesive of square crack-patch system.
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Finite Element Analysis Parametric Studies
A series of simulated experiments using nonlinear FE analysis were conducted on crack-patch configurations to determine the effects of geometric parameters on strength, damage tolerance, and stiffness. The parametric study consisted of systematically changing the adhesive layer thickness and patch thickness and capturing the stresses and strains. Figure 9 shows the locations of maximum and minimum stresses in the adhesive layers of square and octagonal crack-patch systems.
with their locations obtained from the elasto-plastic analysis considering geometric nonlinearity for different adhesive thickness and for a given load, substrate thickness, and patch thickness. Secondly, patch thickness was varied, keeping other parameters constant. Table 3 shows the stresses and strains in the adhesive layer with their locations obtained from nonlinear analyses for different patch thickness under the same load of 116 MPa. The FEA indicates that as the thickness of the adhesive increases, other geometric parameters being constant, the normal stress S x , normal stress S z , shear stress S xy , vonMises equivalent stress S eq and equivalent plastic strain E eq in critical location of the adhesive layer decrease, as can be seen from Figs 10(a) to 10(e), respectively. The equivalent plastic strain in the critical element of the adhesive layer also decreases as thickness of adhesive increases, simulating plain strain condition in the layer. As the patch thickness increases, keeping thickness of the adhesive constant, for the same load, the maximum normal stresses S x , S y , and S z in the adhesive increase up to a particular value and then decrease slowly, and are shown in Figs 11(a), 11(b), and 11(c), respectively. Maximum magnitude of shear stress vonMises equivalent stress S eq , and equivalent plastic strain S eq in the adhesive increase with increase of patch thickness. The S xy variation as a function of patch thickness is shown in Fig. 12. 
Parametric Study of Octagonal Crack-patch
System Nonlinear analyses octagonal crack-patch system were carried out by varying the adhesive thickness and patch thickness under a constant load of 180 MPa and the stresses and strains at the critical locations of the adhesive layer were captured and listed in Tables 4 and 5 , respectively. Increase in adhesive thickness increases the normal stress components S x , S y , and S z as shown in Fig. 13 . Shear stress components S xy , S yz , and S zx variation with adhesive thickness, are depicted in Fig. 14 . VonMises equivalent stress and equivalent plastic strain in the adhesive layer vary with adhesive thickness as shown in Figs 15(a) and 15(b) , respectively. Normal stress components (S x , S y , and S z ) variation in a critical element of adhesive as a function of patch thickness is shown in Fig. 16 . Shear stress components (S xy , S yz , and S zx ) in the critical locations of adhesive vary, as shown in Fig. 17 with increase of patch thickness. The variation of equivalent plastic strain in a critical element of the adhesive as a function of patch thickness is shown in Fig. 18 .
CONCLUSIONS
Nonlinear computational analyses of square crackpatch and octagonal crack-patch systems have been performed considering geometric and material nonlinearity under static loading conditions. It has been observed that the peel and shear stresses are predominant and the peak shear stress occurs at the edge of the patch in the adhesive. Different stress and strain-based failure criteria were considered in this study to predict the strength. The position of predicted
Parametric Study of Square Crack-patch System
The FE simulations were conducted by varying the adhesive layer thickness and patch thickness under a constant tensile load of 116 MPa, to predict the structural response of the interface layer and its influence on the damage tolerance and load carrying capacity. Firstly, adhesive thickness was varied and analyses were performed, keeping substrate and patch thickness constant. Celebrating Sixty Years of Publication failure in the adhesive has been found to be dependent on failure criteria selected and the crack-patch system geometry. Variably, maximum tensile stress predicts the highest strength of the bonded system. Geometric and material nonlinearity have significant effects on the performance of the crackpatch system. The FE studies indicate that the geometric and material properties of adhesive and patch dictate the mechanical response of the crack-patch system.
